The optimal minimally invasive surgery (MIS) approach for grade 1 lumbar spondylolisthesis is not clearly elucidated. In this study, the authors compared the 24-month patient-reported outcomes (PROs) after MIS transforaminal lumbar interbody fusion (TLIF) and MIS decompression for degenerative lumbar spondylolisthesis. METHODS A total of 608 patients from 12 high-enrolling sites participating in the Quality Outcomes Database (QOD) lumbar spondylolisthesis module underwent single-level surgery for degenerative grade 1 lumbar spondylolisthesis, of whom 143 underwent MIS (72 MIS TLIF [50.3%] and 71 MIS decompression [49.7%]). Surgeries were classified as MIS if there was utilization of percutaneous screw fixation and placement of a Wiltse plane MIS intervertebral body graft (MIS TLIF) or if there was a tubular decompression (MIS decompression). Parameters obtained at baseline through at least 24 months of follow-up were collected. PROs included the Oswestry Disability Index (ODI), numeric rating scale (NRS) for back pain, NRS for leg pain, EuroQol-5D (EQ-5D) questionnaire, and North American Spine Society (NASS) satisfaction questionnaire. Multivariate models were constructed to adjust for patient characteristics, surgical variables, and baseline PRO values. RESULTS The mean age of the MIS cohort was 67.1 ± 11.3 years (MIS TLIF 62.1 years vs MIS decompression 72.3 years) and consisted of 79 (55.2%) women (MIS TLIF 55.6% vs MIS decompression 54.9%). The proportion in each cohort reaching the 24-month follow-up did not differ significantly between the cohorts (MIS TLIF 83.3% and MIS decompression 84.5%, p = 0.85). MIS TLIF was associated with greater blood loss (mean 108.8 vs 33.0 ml, p < 0.001), longer operative time (mean 228.2 vs 101.8 minutes, p < 0.001), and longer length of hospitalization (mean 2.9 vs 0.7 days, p < 0.001). MIS TLIF was associated with a significantly lower reoperation rate (14.1% vs 1.4%, p = 0.004). Both cohorts demonstrated significant improvements in ODI, NRS back pain, NRS leg pain, and EQ-5D at 24 months (p < 0.001, all comparisons relative to baseline). In multivariate analyses, MIS TLIF-as opposed to MIS decompression alone-was
D
egenerative lumbar spondylolisthesis is an important cause of low-back pain, affecting up to 12% of the United States population. 19 Surgical treatment is effective 39 and is considered when conservative treatment fails. Surgical management may include decompression with or without the addition of fusion. Recent randomized controlled trials (RCTs) 13, 16 and a prospective registry study 7 arrived at somewhat differing conclusions about the utility of the addition of fusion, with the studies that focused exclusively on the population with grade 1 lumbar spondylolisthesis favoring the addition of fusion. Importantly, none of the aforementioned studies focused their investigation on a minimally invasive surgery (MIS) population, so it remains unclear whether fusion is beneficial for patients undergoing MIS alone.
MIS techniques are advocated as a means to decrease pain, narcotic use, blood loss, hospital length of stay, surgical site infection, and cost and to expedite recovery and return to work. 1, 10, 25, 28, 31, 32, [34] [35] [36] [37] [38] Advantages of MIS techniques include avoiding disruption of paraspinal musculature, facet joints, and ligamentous structures, which may lead to increased pain and destabilization of the spine. Disadvantages include a more technically demanding procedure with a learning curve and the lack of "open" visualization of bony and neural anatomy. Given the increasing prevalence of MIS, 12 a contemporaneous understanding of the effect of MIS fusion-compared with MIS decompression alone-for spondylolisthesis is of interest.
To this end, we analyzed a prospective, multicenter, and multidisciplinary registry to compare outcomes following MIS transforaminal lumbar interbody fusion (TLIF; Fig.  1 ) and MIS decompression for symptomatic, single-level, grade 1 degenerative lumbar spondylolisthesis.
Methods
The Quality Outcomes Database (QOD) is a prospective, multicenter, multidisciplinary registry that includes demographic, clinical, and patient-reported outcome (PRO) data to measure the safety and quality of spinal surgery. Twelve of the high-enrolling QOD sites participate in the lumbar spondylolisthesis module/study group. 4, 8, 28 We queried the lumbar spondylolisthesis module from July 2014 through June 2016 for patients undergoing singlesegment, posterior-approach surgery for grade 1 lumbar spondylolisthesis. Preoperative plain radiographs (standing or dynamic) were obtained and were evaluated by surgeons at the participating sites to confirm the diagnosis of grade 1 spondylolisthesis as defined by the Meyerding classification. 27 In this study, we identified patients who underwent surgery via MIS techniques as defined previously. 28 In short, surgeries were classified as MIS if there was utilization of percutaneous screw fixation and placement of a Wiltse plane MIS intervertebral body graft (MIS TLIF) or if there was a tubular decompression (MIS decompression). Procedures that involved only a component of MIS (e.g., "partially" MIS, involving an "open" component) were not classified as MIS. In addition to QOD exclusion criteria, 26 we excluded patients who had grade 2 or higher spondylolisthesis. For all eligible patients, all variables were audited for data element accuracy.
Demographic, Clinical, and Surgical Variables
The QOD registry collects data on demographic variables ( 
Primary and Secondary Outcomes
We assessed outcomes at baseline and 24 months using validated questionnaires. The primary outcome of interest was ODI score. Secondary outcomes of interest included NRS back pain, NRS leg pain, EQ-5D questionnaire, and NASS satisfaction questionnaire. The NASS satisfaction questionnaire assesses patient satisfaction following surgery via a survey with 4 answer choices scored 1 through 4, respectively: "surgery met my expectations," "I did not improve as much as I had hoped but I would undergo the same operation for the same results," "surgery helped but I would not undergo the same operation for the same results," and "I am the same or worse as compared to before surgery."
Statistical Analysis
Descriptive statistics were reported as means and standard deviations and frequencies and percentages where appropriate. For multivariate analyses, multivariate linear regression models were fitted for changes in ODI, EQ-5D, NRS back pain, and NRS leg pain scores at 24 months (i.e., 24-month value -baseline value). For each model, covariates included factors reaching p < 0.20 on univariate comparisons and respective baseline PROs. An ordinal logistic regression model was fit for the NASS satisfaction questionnaire score after controlling for covariates reaching p < 0.20 on univariate comparisons. This analysis was conducted using R 2.15.2 (R: A language and environment for statistical computing, R Foundation for Statistical Computing). Missing values in the data were imputed using the "missForest" R package28; p values were 2-tailed and an alpha of 0.05 was considered statistically significant. Table  1 . Patients undergoing MIS TLIF were younger (62.1 vs 72.3 years, p < 0.001), were less likely to have diabetes mellitus (9.7% vs 22.5%, p = 0.04), and had different symptoms on presentation, with the MIS TLIF cohort demonstrating a higher proportion of back pain-predominant symptoms (45.8% vs 28.2%, p < 0.001) and a lower rate of baseline motor deficit (5.6% vs 36.6%, p < 0.001). Patients in the MIS TLIF cohort had a higher use of private insurance (65.3% vs 26.8%, p < 0.001), and a greater proportion were employed or employed and on leave (54.2% vs 23.9%, p < 0.001). The cohort with MIS TLIF had higher NRS back pain scores at baseline (mean 6.9 ± 2.6 vs 5.6 ± 3.3, p = 0.01). Table 2 lists the surgical variables, including perioperative and long-term outcomes. Compared with the MIS decompression cohort, the MIS TLIF group had significantly greater blood loss (108.8 vs 33.0 ml, p < 0.001), longer operative times (228.2 vs 101.8 minutes, p < 0.001), and longer lengths of hospitalization (2.9 vs 0.7 days, p < 0.001). At the 24-month follow-up, MIS TLIF was associated with significantly fewer reoperations (1 [1.4%] vs 10 [14.1%], p = 0.004). Table 3 provides the reasons for reoperation. Discharge disposition and readmission rates did not differ significantly (p > 0.05). Table 4 demonstrates the changes in PRO scores and NASS satisfaction at 24 months. The MIS TLIF cohort had a greater mean ODI change (-30.3 ± 20.7 vs -15.1 ± 20.7, p < 0.001), greater NRS back pain change (-4.7 ± 3.2 vs -1.5 ± 4.4, p < 0.001), and superior satisfaction (71.2% vs 47.3% NASS score 1 [most satisfied], p = 0.02). There were no significant differences between the MIS TLIF and decompression cohorts with regard to 24-month change in NRS leg pain or EQ-5D score.
Results

From
For the MIS TLIF cohort, the mean ODI improved significantly at the 24-month follow-up (14.3 ± 17.2) compared with baseline (46.2 ± 16.3) (p < 0.001). NRS back pain improved significantly at the 24-month follow-up (2.3 ± 2.9) compared with baseline (6.9 ± 2.6) (p < 0.001). NRS leg pain improved significantly at the 24-month follow-up (1.6 ± 2.7) compared with baseline (6.3 ± 2.8) (p < 0.001). EQ-5D improved significantly at the 24-month follow-up (0.84 ± 0.17) compared with baseline (0.58 ± 0.20) (p < 0.001).
Similarly, for the MIS decompression cohort, there was significant improvement in the mean ODI (23.3 ± 19.1 from 41.0 ± 18.9), NRS back pain (3.6 ± 2.9 from 5.6 ± 3.3), NRS leg pain (2.4 ± 3.1 from 6.2 ± 3.0), and EQ-5D (0.80 ± 0.15 from 0.58 ± 0.22) scores at the 24-month follow-up compared with baseline (p < 0.001, all comparisons). Figure 2 demonstrates PRO scores at baseline and 24 months after surgery. At 24 months, the mean ODI (p = 0.008) and NRS back pain (p = 0.02) were superior in the MIS TLIF cohort compared with the MIS decompression cohort. There were no significant differences for NRS leg pain and EQ-5D at 24 months (p = 0.11 and p = 0.18, respectively).
Multivariate Analysis
We conducted a multivariate analysis to adjust for potential confounders. Significant predictors of 24-month change scores (ODI, NRS back pain, NRS leg pain, and EQ-5D) and 24-month NASS satisfaction are reported in Table 5 . In adjusted analyses, MIS TLIF-as opposed to MIS decompression alone-was associated with superior ODI change (b = -7.59, 95% CI -14.96 to -0.23; p = 0.04), NRS back pain change (b = -1.54, 95% CI -2.78 to -0.30; p = 0.02), and NASS satisfaction (OR 0.32, 95% CI 0.12-0.82; p = 0.02).
Additional factors significantly associated with changes in multiple 24-month PRO scores included baseline PROs, preoperative employment at presentation, a diagnosis of diabetes mellitus, and the dominant presenting symptom. Employment was associated with superior ODI change (b (Table 5) .
Discussion
In an analysis of 143 patients undergoing MIS for grade 1 degenerative lumbar spondylolisthesis, we found that MIS TLIF was associated with superior outcomes for disability, back pain, and patient satisfaction compared with posterior MIS decompression alone. Additionally, we found that MIS TLIF was associated with a lower rate of reoperation. Additional factors were associated with superior improvements in PROs. Patient employment was associated with superior improvement in disability, back pain, quality of life, and satisfaction. Patients with diabetes mellitus had inferior outcomes for disability and quality of life. Patients who had a dominant presentation of back pain-as opposed to leg pain or back equaling leg pain-had less improvement in disability and leg pain. More severe baseline disease (e.g., higher ODI, NRS back and leg pain, and lower EQ-5D) was associated with greater 24-month improvements in PROs.
The benefit of the addition of fusion in the MIS-only cohort is consistent with a prior RCT by Ghogawala et al.
16
(an open-only cohort) and a prior report by our group utilizing the prospective QOD registry 7 (combined open and MIS cohort). Herein, we demonstrate the association between the addition of fusion-via MIS TLIF-and superior ODI, back pain, and satisfaction 2 years after surgery.
This protective effect of MIS TLIF on 2-year ODI outcomes extends the findings reported by our study group comparing outcomes for fusion and decompression alone 1 year following non-MIS-specific degenerative lumbar spondylolisthesis surgery. In the study, we found that the addition of fusion was associated with superior ODI. 7 This is in contrast to the Swedish Spinal Stenosis Study (SSSS) by Försth et al., in which no significant benefit for ODI was seen with the addition of fusion to decompression alone. 13 Of note, the SSSS was likely underpowered to detect differences in ODI and suffered from a heterogeneous population, including both 1 and 2 levels of stenosis and patients with and without mobile spondylolisthesis, as the study lacked preoperative dynamic radiographs. Presently, we include only patients with symptomatic, single-level spondylolisthesis.
The association between the addition of fusion and sat- isfaction has been reported previously for traditional open spondylolisthesis surgery. In a recent meta-analysis by Liang et al., 22 which included 4 RCTs and 13 observational studies comparing the clinical effectiveness of decompression with and without fusion for degenerative lumbar spondylolisthesis, pooled satisfaction rates were significantly higher following spinal fusion. However, a majority of patients receiving decompression alone surgery remained satisfied as well, suggesting that satisfaction is multifactorial and may be attributable to other patient (e.g., age, sex, comorbidities, clinical presentation), surgical (type of decompressive technique), and radiographic (degenerative status of a disc and slip progression) factors. 5, 6, 8, 15, 18, 20, 22, 23, 29, 30 Of note, in the meta-analysis by Liang et al.-reporting on open surgical techniques-significant relationships between the addition of fusion and ODI and of fusion and back pain were not detected. 22 However, a significant relationship was detected between the addition of fusion and leg pain. On the other hand, the present MIS-focused study reveals significant relationships with MIS TLIF and back pain, but not between MIS TLIF and leg pain. These somewhat conflicting findings may reveal unique baseline characteristics of patients undergoing open versus MIS spondylolisthesis surgery or differential disease progression following each respective surgery.
It is suggested that a laminectomy alone may destabilize the spine after degenerative spondylolisthesis surgery, resulting in increasing back pain and reoperation in up to one-third of patients. 16 In preventing this destabilizationassociated back pain, fusion surgery may permit greater improvements in back pain, which is consistent with the data reported here. Interestingly, one may expect the addition of a fusion to make less of an impact in the MIS population given that an MIS decompression should result in less destabilization due to avoidance of disruption of the paraspinal musculature and posterior tension band. However, the association between MIS decompression alone and higher reoperation rate and inferior disability and back pain may suggest that MIS is not as "destabilization proof" as suggested. Our results suggest that tubular decompression does not effectively minimize the limitations associated with open decompression in the grade 1 spondylolisthesis population.
When comparing MIS TLIF and MIS decompression, avoidance of additional surgical intervention is a key con-
FIG. 2.
PROs following MIS TLIF and MIS decompression surgery for grade 1 lumbar spondylolisthesis. Average ODI scores (A), NRS back pain (B), NRS leg pain (C), and EQ-5D (D) at baseline and 24 months after surgery. The error bars represent 1 standard deviation. There were statistically significant improvements at the 24-month follow-up relative to baseline for ODI, NRS back pain, NRS leg pain, and EQ-5D (p < 0.001, all comparisons). At baseline, the mean NRS back pain score was greater in the MIS TLIF cohort (p = 0.01). Otherwise, there were no statistically significant differences for ODI, NRS leg pain, and EQ-5D (p = 0.08, p = 0.92, and p = 0.98, respectively). At 24 months, the mean ODI (p = 0.008) and NRS back pain (p = 0.02) scores were superior in the MIS TLIF compared with the MIS decompression cohort. There were no significant differences for NRS leg pain and EQ-5D at 24 months (p = 0.11 and p = 0.18, respectively).
cern. We found a significantly lower rate of reoperation in long-term follow-up for MIS TLIF than for MIS decompression alone (1.4% vs 14.1%)-consistent with the SLIP (Spinal Laminectomy versus Instrumented Pedicle Screw) trial 16 -suggesting that MIS TLIF is more durable than MIS decompression for degenerative lumbar spondylolisthesis when utilizing minimally invasive techniques. Future study should compare MIS decompression and fusion surgery with MIS decompression surgery for lumbar spondylolisthesis in a randomized controlled fashion. There is clearly a knowledge gap given the open-only surgery within the SLIP trial 16 and dearth of MIS-only investigations of spondylolisthesis surgery.
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Patient-Related Factors: Diabetes Mellitus and Dominant Presenting Symptom
Diabetes has previously been associated with inferior outcomes following spondylolisthesis surgery. In a subgroup analysis of 594 patients who underwent surgery for degenerative spondylolisthesis in SPORT (Spine Patient Outcomes Research Trial), Freedman et al. reported that diabetic patients demonstrated inferior improvement compared with their nondiabetic counterparts with regard to ODI and SF-36 pain and physical function scores.
14 This may be a result of a clinical picture that may be confounded by comorbid peripheral nerve lesions, vascular insufficiency leading to vascular claudication (which may be mistaken for leg pain of spinal etiology), 21 or primary diabetic polyneuropathy. These factors may also decrease the capacity of nerve roots to recover after surgical manipulation. 11, 14 Indeed, surgeons and patients with diabetes should be aware of the possibility of inferior long-term outcomes after MIS spondylolisthesis surgery.
Patients who did not have a component of leg pain in their dominant clinical presentation fared worse with regard to disease-specific disability in our study. This finding is supported by prior investigations. In a study of 591 patients with degenerative spondylolisthesis (of whom 62% underwent surgery), a leg pain-predominant presentation was associated with superior outcomes at 2 years.
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Socioeconomic Factors: Employment
The relationship between employment and superior back pain and satisfaction following MIS spondylolisthesis surgery may be a function of patient selection. Patients who are employed preoperatively may reflect a subset of patients with greater social support, job satisfaction, job security and income, and adaptive psychological states. 2, 3, 9, 17 These factors may accelerate recovery and participation in physical therapy and thus improve back pain and satisfaction. Likewise, patients with more labor-intensive occupations may not be able to abide by appropriate postoperative restrictions and may exacerbate their pain following surgery. These protective factors may aid the surgeon and patient in expectation setting and should be considered in the preoperative evaluation.
Baseline PROs
The intimate relationship between baseline and followup PRO scores has been reported previously. 24 Here, it is a Multivariate models adjusted for factors with p < 0.20 on univariate comparisons were age, BMI, diabetes mellitus, dominant presenting symptom, motor deficit on presentation, ASA class, employment status, use of private insurance, baseline ODI, baseline NRS back pain, and whether or not the procedure was a fusion (TLIF). Additionally, we included baseline NRS leg pain and EQ-5D for those respective models. Boldface type indicates statistical significance. * β coefficients are reported such that a negative value for ODI, NRS back pain, and NRS leg pain and a positive value for EQ-5D represent superior outcomes at 24 months. ORs are reported such that an OR < 1.0 for NASS satisfaction represents greater satisfaction at 24 months. † For ODI, the addition of fusion, active employment, and worse baseline ODI was associated with superior ODI change scores. Diabetes mellitus and a dominant presentation of back pain were associated with inferior ODI change scores. ‡ For NRS back pain, the addition of fusion, active employment, and worse baseline back pain was associated with superior NRS back pain change scores. § For NRS leg pain, worse baseline back pain and leg pain were associated with superior NRS leg pain change scores. A dominant presentation of back pain was associated with inferior NRS leg pain change scores. ¶ For EQ-5D, active employment and worse baseline EQ-5D portended superior EQ-5D change scores. Diabetes mellitus was associated with inferior EQ-5D change scores. ** For NASS satisfaction, the addition of fusion and active employment was associated with superior satisfaction.
reflection of our outcome metric reflecting a change score as opposed to absolute score. Namely, patients with worse ODI, back pain, leg pain, and EQ-5D at baseline will have the opportunity to achieve the greatest improvement from baseline, as those with less severe baseline disease will be susceptible to floor and ceiling effects.
Study Limitations
This study utilized information from a large, multicenter, prospective registry and thus has the associated limitations. Data presented herein were analyzed retrospectively from a prospectively designed registry and thus the findings are susceptible to bias. As a registry, there is no standardization of patient selection or operative technique. However, the results should be interpreted under the context that multivariate analytical methods-correcting for potential confounding variables-were utilized. The present prospective registry does not include postoperative radiographs. Therefore, we are unable to determine the presence of radiographic fusion, which may influence outcomes as well. Similarly, our study does not include baseline or postoperative radiographic parameters. Radiographic parameters may also affect 24-month outcomes and should be investigated in future studies on MIS for spondylolisthesis. Lastly, in comparing MIS TLIF and MIS decompression, cost-effectiveness is an important consideration and was beyond the scope of the present investigation. Future study should explore health-resource utilization data in comparing MIS TLIF and MIS decompression.
Despite these limitations, this study represents one of the largest, multiinstitutional studies-utilizing prospectively collected data-comparing patients receiving MIS TLIF and MIS decompression for grade 1 degenerative lumbar spondylolisthesis. Predictors reported herein reflect the "real world" practice patterns of high-volume spine centers in the United States and the results may be shared with patients to aid in patient selection and expectation setting.
Conclusions
For symptomatic, single-level degenerative spondylolisthesis, MIS TLIF was associated with fewer reoperations and superior outcomes for disability, back pain, and patient satisfaction compared to posterior MIS decompression alone. Additionally, preoperative active employment was a significant predictor of superior PROs. The presence of diabetes mellitus and a back pain-predominant presentation were associated with inferior outcomes. These findings may aid in surgical decision-making and expectation setting when considering MIS for degenerative lumbar spondylolisthesis. 
